Natural organic matter (NOM) is a primary component of fouling in low-pressure membrane filtration, either solely, or in concert with colloidal particles. Various preventive measures to interfere with NOM fouling have been developed and extensively tested, such as coagulation, oxidation, ion exchange, carbon adsorption, and mineral oxide adsorption. Therefore, this article aims to conduct a literature review covering the topics of low-pressure membrane processes, NOM characteristics and fouling behaviors, and diverse fouling control strategies. In-depth explanations and discussion are made regarding why some treatment options are able to remove NOM from source water, but do not reduce fouling. This review provides insight for hybridized membrane processes with respect to NOM removal and fouling mitigation in water treatment.
Introduction
Low-pressure membrane processes, such as microfiltration (MF) and ultrafiltration (UF), have become increasingly popular as one of the most promising tools for the treatment of drinking water and wastewater. However, inevitable fouling issues, related to a substantial loss of production capacity of the membrane treatment plant, are challenging, requiring more frequent replacement of membranes, leading to higher operating costs. Therefore, various pretreatment technologies have been developed to resolve such demerits.
An important trend in the application of membrane processes for water treatment is to combine diverse pretreatments with MF/UF to increase the removal of natural organic matter (NOM) and so to reduce membrane fouling. The effects of source water pretreatments can be summarized as follows [1] : 1) changing the size distributions of contaminants; 2) altering the affinities of contaminants to membrane surfaces; and 3) suppressing microbial activity. In contrast, pretreatments have not always been positive regarding membrane fouling control. They have been found to be negligible or even negative due to complicated unknown factors, which must have been linked to membrane properties and source water qualities [2] .
Pretreatments of source water, such as coagulation with metal salts and adsorption onto powdered activated carbon, were able to remove a portion of NOM, but the effects of such approaches on membrane fouling control were found to be ineffective in some cases. The metal salts added for coagulation can adsorb NOM, but NOM-metal oxide species cannot often be removed well from treated water during clarification. The pH-dependent surface charges and subsequent interactions between flocculated particles may govern settling characteristics. Once settled, however, expensive chemical sludge treatment is required. Thus, alternative approaches have reported that the integration of reusable iron oxide particles or heated iron oxide particles (HIOPs) to UF membranes is possible, while effectively mitigating membrane fouling [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Previous studies that had investigated alkaline regeneration of NOM-laden iron oxide adsorbents suggested that the regenerant solution could be reused, until the DOC concentration increased to at least 4,000 mg/L [8] . This should reduce the regeneration costs of adsorbents. However, the separation and regeneration steps of used adsorbents in hybridized mineral oxide adsorption plus UF systems have been another obstacle for practical applications.
An attempt to solve separation and regeneration problems was to immobilize iron oxides on the surfaces of granular media, which can be utilized simultaneously for the adsorption of NOM, and the filtration of particulate matter. Various materials have been tested as support/filtration media, which helped enhance their adsorption of NOM onto bare or modified surfaces [13] [14] [15] [16] [17] [18] [19] . A key idea of such approaches was to form a hydrothermal coating layer of iron oxides on granular media (e.g., sand and olivine). The advantages of this form of adsorbents over others were: ease of adsorbent preparation, flexibility of system Xiaojun Cui, Kwang-Ho Choo bles, whose characteristics vary from one water source to another. It has a wide range of distributions in molecular weight (MW) and functional groups (phenolic, hydroxyl, and carboxyl groups), which originate from allochthonous (e.g., terrestrial and vegetative debris) and autochthonous (e.g., algae) inputs. Normally, NOM can be fractionated into three portions [21, 34, 35] : hydrophobic, hydrophilic, and transphilic fractions. As shown in Fig. 1 , the hydrophobic fraction represents almost 50% of dissolved organic carbon (DOC). The hydrophilic fraction, which is non-humic, accounts for 25%-40% of DOC. The transphilic fraction occupies approximately 25% of the DOC in the natural water carbon pool. It has been reported that a major fraction of NOM derives from humic substances and corresponds to 60%-70% of total organic carbon (TOC) in soils and 60%-90% of the DOC in most natural waters [36] . Some NOM fractions (e.g., polysaccharide or protein-like substances) are more biodegradable than humic substances [37] . NOM itself is not harmful, but it can react with disinfectants to form carcinogenic disinfection by-products [38] .
NOM Fouling Mechanisms
NOM is thought to be a primary component of membrane configurations, and ease of collection and regeneration of used adsorbents. However, heat treatment caused a significant loss of sorption sites.
In this work, therefore, we primarily conducted a literature review to assess the characteristics and effects of NOM with regard to the fouling of low-pressure membranes in water treatment. Various strategies to control and minimize NOM fouling in low-pressure membrane filtration were then compared and discussed in depth.
Low-Pressure Membrane Processes for Water Treatment
Low-pressure membranes are being widely used for drinking water and wastewater treatment with drastic improvements in membrane properties and costs [1, 20] . In particular, low-pressure membrane processes (e.g., MF and UF) have had a substantial market growth and have become one of the most attractive and reliable technologies for water treatment due to their superior efficacy in producing a high quality of water with compact facilities, relatively low costs, reduced chemical requirements, and great flexibility against fluctuating feedwater qualities.
Compared to MF, UF has been more popular and preferentially adopted for drinking water treatment plants due to enhanced viral removal. However, a major limitation to the use of UF membranes in drinking water treatment is membrane fouling caused by the deposition of particulate and/or dissolved materials on top of or inside the membrane pore, which leads to an increase in hydraulic filtration resistance and consequently requires more operational and maintenance costs [21] .
The fouling phenomena of low-pressure membranes can be classified into two based on locations [21] [22] [23] [24] : one is surface fouling, and the other is internal pore fouling. Surface fouling is caused by the deposition of solutes (e.g., colloids and NOM) on top of the membrane, while growing over time. This fouling layer can often be controlled by turbulence and hydrodynamic flushing, but not always [25, 26] . The use of hydrophilic or charged membranes helps retard or minimize the adhesion of foulants to the membrane surface [20, 24, 27] . Surface fouling is often considered to be reversible. Internal fouling is caused by pore plugging and/or the adsorption of small substances (e.g., NOM) inside the membrane pores, which may not be restorable, either physically or chemically, or both.
Several physical cleaning approaches, such as hydraulic backwashing, air scrubbing, and surface flushing, provide more sustainable hydrodynamic conditions leading to fouling reduction [25, [28] [29] [30] [31] . However, the membrane filtration resistance gradually increases in long-term operations indicating that membrane fouling cannot be completely mitigated by physical cleaning [32] . Such portion of irreversible fouling can be further eliminated by chemical cleaning [33] ; but frequent chemical cleaning may shorten the membrane lifetime, while producing a larger amount of spent chemical wastes.
NOM Fouling

Characteristics of NOM
NOM is a complex mixture of particulate and dissolved organics generated by the microbial decay of plants and vegeta- pores are narrowed or covered with relatively large particles; then, small particles block the narrowed pores; and finally, a cake layer begins to form on the membrane surface [51, 52] . A previous study reported that cake formation was a dominant fouling mechanism, in NOM fouling of the UF membrane in crossflow mode [39] . Another report suggested that fouling by alginate was caused by pore blockage, and then followed by buildup of a cake layer; while fouling by humic acids occurred due to adsorption [40] [41] [42] . NOM fouling mechanisms can thus be summarized into the following three categories (Fig. 2 ): 1) NOM may attach to the membrane pores and narrow or block the permeation channel; 2) it may block the pores by accumulating a gel or cake layer on the membrane surface; or 3) NOM may bind particles to form a less permeable deposit layer at the membrane surface. Table 1 summarizes the performances of NOM removal and fouling control achieved by the various control technologies available. The collected information may depend on the types of water sources and operating conditions to be tested, but it implies that treatment options using ozone, chlorine, anion exchange resins, and PAC are not always effective in fouling control, even though they achieve marked NOM removals. Detailed information and discussion are provided in the subsequent sections.
NOM Fouling Control Methods
fouling, either acting alone or in concert with metals and particles [33, [39] [40] [41] [42] . Although NOM fouling has been substantially studied, its mechanisms are not yet clear. As demonstrated in previous reports [20, 35, [43] [44] [45] , factors potentially affecting membrane fouling caused by NOM include the following: the nature of NOM, solution characteristics, membrane properties, and system operation conditions. More specifically, the nature of NOM is related to its molecular size, hydrophobicity, charge density, and isoelectric point. The physicochemical properties of membranes include hydrophobicity, charge density, surface roughness, and porosity. The characteristics of the solution phase, such as pH, ionic strength, and specific metals, can affect the NOM-membrane interaction [46] . Finally, the hydrodynamics of membrane systems can control the transport of NOM molecules at the membrane surface as well.
The combined effects of the above factors result in more severe NOM fouling caused by either concentration polarization or pore blocking, which depends on the size of membrane pores and NOM molecules. Pore blocking and cake formation were taken into account to describe humic acid fouling during MF [47, 48] . The results demonstrated that the initial fouling rate was attributed to pore blocking caused by the deposition of large aggregates on the surface of the membrane. After that, a humic deposit layer started to build up on the membrane surface. Similarly, the fouling of a UF membrane by NOM was caused by narrowing of pores at the mouth followed by coverage of the membrane surface by a cake layer [21, 22, 49, 50] . The following fouling mechanisms were proposed: first, membrane ions. A large dose of chlorine formed a denser cake layer on top of the membrane, because the chlorine added played a role in reducing the size of colloidal particles present in feedwater, and hence caused more serious membrane fouling [5, 69] . TiO 2 mediated photocatalysis enabled significant removal of NOM (including humic acids in natural and synthetic waters) and secondary effluent organic matter, and thus organics fouling during MF/UF was significantly reduced [6, 26] . However, the interaction of colloids with TiO 2 photocatalysts caused an unexpected decline in membrane permeability for a specific type of source water containing small particles with a size of <40 µm [7] . The photocatalytic degradation of seawater organic matter was not achievable due to the hydroxyl radical scavenging effect by chloride ions [70] .
Anion Exchange Resin Process
Anion exchange processes seem to be an effective solution for the removal of NOM that is normally negatively charged [71] [72] [73] [74] [75] [76] [77] . The application of magnetic ion-exchange resins (MIEX) to membrane filtration has been studied. The magnetic resin with quaternary ammonia functional groups is effective in removing anionic substances in natural waters. Pretreatments using MIEX resins can increase NOM removal, but the fouling control of an UF membrane was questionable [78, 79] . It was found that MIEX resins selectively adsorbed the low-and medium-MW fractions of the NOM, but they had relatively little effect on the sorption of high-MW molecules, which are more responsible for membrane fouling [80, 81] . Combined pretreatment methods, such as MIEX + alum and MIEX + PAC + alum, removed the majority DOC of all MW ranges and successfully prevented short-term MF fouling; whereas, these treatments did not remove the colloidal components [82] . The addition of coagulants after ion exchange resin treatment seems to be illogical, but may actually help reduce membrane fouling [81] .
Activated Carbon Adsorption
Powdered activated carbon (PAC) was one of the most popular adsorbents used in combination with MF or UF. The efficacy of PAC in removing organic contaminants depends on the type and dose of PAC, the properties of organics, and water chemistries. Granular activated carbon also effectively reduced irreversible fouling of some UF membranes in surface water treatment [83, 84] . However, it was found that PAC pretreatments for UF membrane systems cannot reduce membrane fouling [85] [86] [87] . It was demonstrated that PAC preferentially adsorbed low-MW, non-fouling molecules; and thus PAC-treated humic acid solution still fouled UF membranes as the untreated solution did. Other findings supported the fact that PAC adsorbed non-fouling molecules preferentially over foulants [23, 88] . In fact, PAC was ineffective for removing highly hydrophilic extracellular organic matter [89] , even though it can remove hydrophobic synthetic organic chemicals well. Carbons are still relatively costly and create sludge that should be disposed of.
Mineral Oxide Adsorption
Several mineral oxide particles have been developed and tested as adsorbents for NOM removal in place of carbon based
Chemical Coagulation
Coagulation is one of the most common pretreatments for controlling the fouling of UF membranes in water treatment. Several types of coagulants are available in the commercial market [53] [54] [55] [56] : inorganic metal salts (e.g., Al or Fe salts) or polymers (e.g., polyaluminum chloride [PACl] ) and organic macromolecules (mostly polyelectrolytes). Al or Fe salts added into water react with particles and water molecules, and thus form larger flocs as well as hydroxide precipitates. The combination of charge neutralization and sweep flocculation is essential for effective coagulation, while the coagulation of negatively charged NOM moieties is possibly achieved via their adsorption to Al or Fe precipitates or metal-NOM complexation. PACl coagulants were also compared with Al and Fe salt coagulants in terms of fouling control [55] . The degree of fouling control was found to be a function of the NOM removal by coagulation and the filterability of coagulated particles. Ordinary coagulation was better than in-line coagulation in fouling control during UF. Another important finding was the fact that in-line coagulation substantially mitigated membrane fouling caused by pore narrowing and cake formation, when compared to direct UF [57] . In addition, the types of Fe salt and organic polymer coagulants (e.g., cationic polyamines) were compared and found to have different effects on fouling control [58] . Both coagulated floc size and its mechanical strength against applied shear were critical in UF fouling mitigation. Although the combined coagulation/MF and carbon adsorption/MF processes showed similar performances for TOC removal, coagulation/MF had a significantly lesser flux decline [56] .
Coagulation was always effective in removing NOM, but occasionally it exacerbated fouling, presumably because either metal-NOM complexes or metal hydroxide colloids, formed during coagulation, act as secondary foulants [58, 59] . The addition of coagulants enhanced the flux of an UF membrane, but not for an MF membrane [59, 60] . It was found that small molecular weight, non-ionic, hydrophilic NOM that were poorly removed by coagulation were still responsible for fouling after the coagulation process [61] . This might also be associated with other findings that the removal of NOM was highly affected by the pH condition of coagulation [62, 63] .
Chemical Oxidation
In conventional water treatment, it has been demonstrated that chlorine and permanganate added to feedwater were able to suppress the growth of microorganisms and to maintain oxidative conditions in the water. Preoxidation using ozone has been found to improve the removal efficiency of organics or particles in secondary effluent, but not that significantly the organics (e.g., NOM) in river water [64, 65] . It is possible that ozone degrades or modifies organic matter that can foul the membrane; but fouling mitigation appeared to be dependent on the types of feedwater. Another critical issue of ozone injection is that the residual ozone can damage the polymeric membrane used. Thus, either ozone-resistant ceramic membranes should be employed [66, 67] ; or the residual ozone should be destroyed in advance.
The presence of metal species in the feedwater may give an adverse effect on the preoxidative fouling control. It was found that prechlorination caused the precipitation of Fe and Mn species on the surface of MF and UF membranes, which led to severe fouling [68, 69] . The addition of chlorine into permeate was NOM Fouling Control of Membranes complexation.
Conclusions
Low-pressure membrane filtration processes have been increasingly popular for water treatment; but the impairment of membrane permeability over time is the major bottleneck that should be resolved. Heterogeneously dispersed NOM molecules, composed of humic substances, carbohydrates, and amino acids, are key constituents to membrane fouling either alone or in combination with metals and particles. Pore narrowing and blocking, followed by surface coverage and cake formation, seem to be a plausible mechanism of NOM fouling during low-pressure membrane filtration.
Coagulation pretreatments improved membrane fluxes, but the types (e.g., Fe and Al salts, inorganic and organic polymers), dosages, and dosing methods (e.g., ordinary or in-line) of coagulants had different impacts on fouling control. Preoxidation using ozone helped reduce fouling, but residual ozone should be quenched, unless ozone-resistant membranes are employed. Metal precipitation by oxidation (e.g., Mn 2+ ) can bring a negative influence on water permeability. Photocatalytic oxidation contributed to fouling reduction, but its efficacy depended on the content of ionic species (e.g., Cl -) that can scavenge hydroxyl radicals. Anion exchange resins (e.g., MIEX) were able to remove low to medium molecular weight NOM, but their effect was marginal. Although activated carbons always removed some fraction of NOM, they occasionally exacerbated fouling due to the formation of denser NOM laden carbon layers on the membrane. In contrast, mineral oxide adsorbents (such as iron oxide and aluminum oxide) always helped reduce fouling. Unlike activated carbon adsorbents, mineral oxide particles appeared to capture relatively large sized NOM components, which might otherwise tightly block membrane pores.
This review thus sheds insight on what pretreatment options would be most appropriate for NOM fouling control. A hybridization of mineral oxide adsorption with low-pressure membrane filtration enables the prevention or minimization of unwanted NOM fouling most efficiently. Further investigations on the optimal design and operation of such process combinations are needed considering source water qualities, membrane properties, adsorbent regeneration, and system operation flexibilities.
adsorbents [11, [90] [91] [92] . HIOPs and heated aluminum oxide particles (HAOPs) have advantages over Fe and Al salt coagulants with regard to NOM removal and fouling control [8-11, 93, 94] . In those studies, HIOPs/HAOPs inhibited the growth of a NOM gel layer on the membrane surface serving as a protective, secondary dynamic layer on top of the membrane. In addition to HIOPs and HAOPs, freshly precipitated ferrihydrite particles also effectively removed NOM from natural water; and they also substantially reduced membrane fouling, through either their addition to feed or pre-deposition on the membrane surface [3, 4] .
Some studies focused on the removal of anion contaminants (e.g., arsenate, phosphate, and NOM) using a granular iron oxide adsorbent (e.g., granular ferric hydroxide [GFH]) in a fixed-bed filter [95, 96] . Adsorption onto GFH with subsequent in situ regeneration was studied as a new process for NOM removal from groundwater [97] . However, little information is available in the literature regarding NOM adsorption by GFH and membrane fouling control. More recently, iron oxide coated polymer beads were employed prior to UF, and thus achieved a substantial fouling reduction with moderate NOM removal [92] .
The adsorption of NOM on iron oxide surfaces is explained by the following mechanisms: surface complexation-ligand exchange, hydrophobic interaction, entropic effect, hydrogen bonding, and cation bridging. Among these proposed mechanisms, surface complexation-ligand exchange reactions (i.e., surface coordination) are most widely accepted. Fig. 3 illustrates the ligand exchange reactions between several different functional groups (e.g., carboxyl, benzoic, and phenolic groups) of NOM and iron oxide surfaces under charge neutral conditions [91, [98] [99] [100] . The solution pH level plays a crucial role in the surface complexation-ligand exchange reactions, because the hydroxide groups on the iron oxide surface act as diprotic acids creating three different surface charges: ≡FeOH 2 + , ≡FeOH, and ≡FeO -. In addition, the charges of functional groups in the NOM are pH-dependent. Thus, anionic functional groups of NOM (e.g., carboxyl and phenolic groups) undergo site-specific NOM adsorption onto oxide surfaces [101, 102] .
The hydrophobic fraction of NOM with high molecular weights was better sorbed on iron oxide surfaces than those with low molecular hydrophilic fractions [91, [98] [99] [100] . Acidic fractions of NOM, which is rich in aromatic carbon moieties, were found to preferentially adsorb onto iron oxide surfaces especially under the low pH condition that is lower than the point of zero charges (i.e., pH < pH zpc ) [98, 102] . These findings show that hydrophobic interactions enhance sorptive NOM removal along with surface 
